Abstract Varicella zoster virus (VZV) is a highly neurotropic human herpesvirus. Primary infection usually causes varicella (chicken pox), after which virus becomes latent in ganglionic neurons along the entire neuraxis. VZV reactivation results in zoster (shingles) which is frequently complicated by chronic pain (postherpetic neuralgia). VZV reactivation also causes meningoencephalitis, myelitis, ocular disorders, and vasculopathy, all of which can occur in the absence of rash. This review focuses on the association of VZV and stroke, and on the widening spectrum of disorders produced by VZV vasculopathy in immunocompetent and immunocompromised individuals, including recipients of varicella vaccine. Aside from ischemic stroke, VZV infection of cerebral arteries may lead to development of intracerebral aneurysms, with or without hemorrhage. Moreover, recent clinical-virological case reports and retrospective pathological-virological analyses of temporal arteries positive or negative for giant cell arteritis (GCA) indicate that extracranial VZV vasculopathy triggers the immunopathology of GCA. While many patients with GCA improve after corticosteroid treatment, prolonged corticosteroid use may potentiate VZV infection, leading to fatal vasculopathy in the brain and other organs.
Introduction
Stroke associated with varicella zoster virus (VZV) was first described in 1896 [1•] . It is now known that VZV vasculopathy is caused by productive VZV infection of cerebral arteries, most often leading to ischemic as well as hemorrhagic stroke, aneurysm with and without subarachnoid and intracerebral hemorrhage, dolichoectasia, dissection, and venous sinus thrombosis. The clinical diagnosis of VZV vasculopathy is verified by the detection of VZV DNA in CSF, the presence of anti-VZV IgG or anti-VZV IgM antibody in CSF, or the presence of anti-VZV IgM antibody in serum. In recent years, the spectrum of intracerebral VZV vasculopathy has expanded to include extracranial VZV vasculopathy as a cause of giant cell arteritis (GCA), and multiple epidemiological analyses have revealed an increased risk of stroke after zoster.
VZV Vasculopathy
VZV, a highly neurotropic member of the herpesvirus family, is the only human virus that has been shown to replicate in arteries and produce disease. VZV vasculopathy is characterized by clinical features of transient ischemic attacks or stroke. Magnetic resonance imaging (MRI) of VZV vasculopathy typically shows ischemic lesions, some of which enhance, primarily at gray-white matter junctions. Angiography reveals large vessel stenosis and post-stenotic dilatation. Recently, high-resolution MRI (HRMR) analysis of six patients with virologically verified VZV vasculopathy revealed various patterns of stenosis, vessel wall thickening, and enhancement, predominantly in terminal internal carotid artery segments and the M1 segment of the middle cerebral arteries; importantly, follow-up HRMR at multiple times after treatment showed improvement of stenosis, with reduced enhancement and reduced vessel wall thickening, indicating the potential value of HRMR in the management of VZV vasculopathy [2•] .
A study of 30 subjects with virologically confirmed VZV vasculopathy [3] revealed rash in 63 % and CSF pleocytosis in 67 %, brain MRI or CT abnormalities in 97 %, and four-vessel angiography or MRA abnormalities in 70 %; large and small arteries were involved in 50 %, small arteries in 37 %, and large arteries in only 13 % of subjects The CSF of only 30 % of subjects contained VZV DNA, whereas 93 % had anti-VZV IgG antibody in CSF, with a reduced serum/CSF ratio of anti-VZV IgG that confirmed intrathecal synthesis of anti-VZV IgG. While both PCR and detection of antibody to VZV in CSF are highly specific, detection of anti-VZV IgG antibody in CSF is the most reliable test to diagnose VZV vasculopathy [4] . Importantly, diagnosis of this cause of stroke, which is treatable with intravenous acyclovir, is often missed due to no history of zoster rash in 1/3 of subjects, normal CSF in 1/3 of subjects, an average 4.2-month delay from zoster to neurological symptoms and signs, and the frequent absence of VZV DNA in CSF [5] .
Association of VZV and Stroke
While the exact incidence of VZV vasculopathy is unknown, recent epidemiological studies from Taiwan, Denmark, and the UK have all revealed an increased risk of stroke after zoster [6] . Multiple studies from the UK, Europe, and Asia have shown that stroke incidence after zoster is greater than in age-matched control subjects. Analysis of the Taiwan National Health Research Institute records revealed a 30 % increased risk of stroke within 1 year after zoster and a fourfold increased risk after ophthalmic-division zoster [7] . Equivalent studies of records from the Danish national registry indicated a 126 % increased risk of stroke within 2 weeks after zoster, a 17 % increased risk from 2 weeks to 1 year after zoster, and a 5 % increased risk of stroke after the first year [8] . Studies from the UK Health Improvement Network General Practice Database showed that transient ischemic attacks and myocardial infarctions were greater in patients with zoster; unexpectedly, the increased risk was greatest in zoster patients under age 40. The mechanism(s) of VZV-associated transient ischemic attacks and myocardial infarctions are unknown but most likely involves virus effect, as well as immune-mediated pathological vascular remodeling. The most recent analysis of the UK General Practice Research Database [9] showed a decreasing risk over time after zoster in all dermatomes, with statistically significant age-adjusted incidences of stroke found at 1-4 weeks after zoster (1.63), 5-12 weeks after zoster (1.42), and 13-26 weeks after zoster (1.23), but no increase at later times. In patients with ophthalmic-distribution zoster, the risk of stroke was increased threefold at 5-12 weeks after zoster. Finally, among 55 % of zoster patients who received oral antiviral therapy, the stroke risk was reduced compared to that in untreated zoster patients [10] , indicating the value of antiviral treatment in reducing stroke incidence after zoster.
Pathogenesis
After reactivation from cranial nerve ganglia, VZV likely spreads transaxonally to the outermost adventitial layer of the artery wall; infected cerebral arteries contain a thickened intima composed of myofibroblasts, a disrupted internal elastic lamina, and a paucity of smooth muscle cells [11] . Inflammatory cells (primarily CD4 and CD8 T cells and CD68 macrophages) are present predominantly in the adventitia and, to a lesser degree, in the luminal surface of the thickened intima [12] . Early VZV vasculopathy reveals a striking number of neutrophils in the adventitia. A remarkable finding in a VZV-infected artery is the association of inflammation with a thickened intima, supporting findings in the cardioand pulmonary-vascular fields that inflammation is heavily involved in vascular remodeling.
Cerebral Aneurysm Due to VZV Vasculopathy
Not surprisingly, VZV vasculopathy can lead to cerebral aneurysm, with or without hemorrhage. A CNS aneurysm produced by VZV infection was initially reported in a 24-year-old healthy woman who developed herpes zoster ophthalmicus (HZO) with ipsilateral peripheral facial palsy and contralateral hemiplegia [13] . An initial angiogram was normal, but 4 weeks after onset, she developed decreased hearing and left-sided Horner's syndrome. Repeat angiography revealed an aneurysm in the intrapetrosal region of the left internal carotid artery. Two other described cases of aneurysms after HZO were in a 67-year-old man who developed a right anterior choroidal artery aneurysm 3 weeks after right HZO [14] and in a 33-year-old woman who developed a left anterior cerebral artery aneurysm 4 months after HZO [14] . The first case demonstrating VZV antigen and viral particles in the aneurysmal wall was in a 70-year-old man who developed painful skin lesions in the occipital region and died 2 months later ostensibly due to cardiac arrest and subarachnoid hemorrhage; postmortem examination of the single fusiform basilar artery aneurysm revealed granulomatous angiitis, with positive immunohistochemical staining for VZV antigen in the wall of the aneurysm and electron microscopic detection of herpesvirus particles [15] . A second study demonstrating VZV in aneurysm walls was of a 6-year-old HIV-positive girl who presented with subarachnoid hemorrhage with aneurysms in the internal carotid, middle cerebral, anterior cerebral, and basilar arteries; postmortem examination revealed VZVantigen in dilated vessels and smaller vessels of the brain parenchyma [16] . Five additional cases of aneurysm caused by VZV infection in patients with HIV were subsequently reported [17] [18] [19] . Another report described a 42-year-old renal transplant recipient who developed a vertebral artery aneurysm with dissection; VZV DNA was present in CSF, and the patient was treated successfully with embolization and acyclovir [20] . A more recent case was a 6-year-old girl who presented with varicella followed 1 month later by a left basal ganglia infarction; 3 years later, she developed a saccular anterior communicating artery aneurysm, with increased anti-VZV IgG in CSF [21] . Most remarkable is the recent report of a patient with zoster in multiple dermatomes who presented with a severe headache and a normal magnetic resonance angiogram but, 2 months later, displayed nine anterior circulation aneurysms upon four-vessel digital subtraction angiography; antiviral treatment resulted in clinical improvement, size reduction of most aneurysms, and complete resolution of the two largest aneurysms (Fig. 1) 
Vaccine-Associated VZV Vasculopathy
Although both the Varivax vaccine used to prevent varicella and the Zostavax vaccine to prevent zoster contain live attenuated virus, VZV vasculopathy does not occur after administration of Zostavax in adults. The likely reason is that vasculopathy develops after reactivation of virus latent in ganglia, followed by transaxonal spread to cerebral arteries; because Zostavax is administered to adults who have immunity to VZV, the attenuated VZV in the vaccine does not become latent. In contrast, Varivax VZV does become latent in children who are not immune to VZV, with the potential to reactivate and cause zoster and other neurological disorders, including stroke. Not surprisingly, multiple reports describe zoster and meningitis [23] [24] [25] [26] as well as VZV vasculopathy in Varivax recipients, with two immunocompetent children developing ischemic stroke 5 days and 3 weeks, respectively, after varicella immunizations [27] , and a third case in a 6-year-old boy immunocompromised by DOCK8 deficiency who developed a multifocal large artery vasculopathy involving both anterior cerebral arteries and the right posterior and left middle cerebral arteries; PCR amplified VZV DNA in his CSF [28] .
Association of Giant Cell Arteritis with VZV Infection
The first report linking VZV with GCA was of a 77-year-old woman who developed right-sided temporal headache and ophthalmic-distribution zoster. Two months later, when temporal pain recurred along with a bilateral internuclear ophthalmoplegia and right middle cerebral artery stroke, a temporal artery (TA) biopsy was positive for GCA, and in situ hybridization detected VZV DNA in the GCA-positive TA [29] . The same group then described an 80-year-old man who developed right-sided ophthalmic-distribution zoster and granulomatous anterior uveitis, followed 4 months later by temporal headache and loss of vision; a right TA biopsy was GCA-positive, and immunohistochemistry detected VZV antigen in the GCA-positive TA [30] . A few years later, a third report described a 74-year-old woman who developed right temple pain and jaw claudication, followed 5 days later by blurred vision in the right eye; 3 days later, erythrocyte sedimentation rate (ESR) was elevated and she developed rightsided ophthalmic-distribution zoster 4 h after a TA biopsy. Although clinical and laboratory features were typical of GCA, the TA biopsy was GCA-negative but did reveal inflammation in the adventitia [31] , as recently found in many patients with suspected GCA [32••] .
The link between VZV and GCA was further established in three patients who presented with ischemic optic neuropathy (ION) that led to a TA biopsy. GCA pathology was not found in any of the TAs, but VZV antigen was present in the TAs of all three patients. The first patient was an 80-year-old man with left ophthalmic-distribution zoster, followed 1 month later by a left ION. Ipsilateral TA biopsy revealed extensive inflammation that was mistakenly identified as GCA. He was treated with steroids but did not improve. After the diagnosis of VZV vasculopathy was confirmed virologically, he was treated with intravenous acyclovir and his vision improved [33] . The second patient was a 75-year-old woman who presented with clinical symptoms and signs of a left ION and no past history of zoster [34] . ESR and C-reactive protein (CRP) were elevated. She was treated with intravenous methylprednisolone followed by oral prednisone without improvement. The left TA revealed no pathological abnormalities, and brain MRI with gadolinium was negative. On day 9, pain and vision worsened. On day 11, orbital CT and head CT angiography were negative. On day 15, visual acuity was 20/ 400 OS, with relative left afferent pupillary defect. On day 17, she was blind OS and the left pupil did not react to light; fundus examination was obscured by vitreous hemorrhage. CSF contained 8 WBCs/mm 3 , protein 72 mg%, and glucose 54 mg%. A diagnosis of VZV ION was made, and she was treated with intravenous acyclovir, 10 mg/kg q8h for 7 days. On day 31, the CSF contained anti-VZV IgG but not anti-HSV IgG antibody, and the serum-to-CSF ratio of anti-VZV IgG was reduced compared to ratios for total IgG and albumin. Immunohistochemistry and pathology revealed VZV antigen and neutrophils in the original left TA specimen, and she was treated with oral valacyclovir, 1 g TID for 6 weeks; prednisone was reduced to 20 mg daily and tapered 5 mg/week. Six weeks later, pain resolved, and visual acuity improved to fingercounting. The left optic nerve was pale, with clear margins and resolution of hemorrhage. The third patient was a 54-yearold diabetic woman who developed scalp pain, jaw claudication, and an ION followed by acute retinal necrosis and multiple areas of focal venous beading [35] . Vitreous fluid contained amplifiable VZV DNA but not herpes simplex virus-1 (HSV-1), cytomegalovirus, or toxoplasma DNA. TA biopsy was pathologically negative for GCA but contained VZV antigen. In all three patients, multifocal VZV vasculopathy manifested clinically as ION, and VZV was present in the ipsilateral TA. Only one of the three patients had a recent history of zoster. Importantly, the vision of two patients failed to improve with steroids but did improve after antiviral treatment.
To further address the incidence of VZV infection in GCA biopsy-negative patients, we examined archived biopsynegative TAs from subjects with clinically suspected GCA for the presence of VZV antigen. Immunohistochemical analysis of formalin-fixed, paraffin-embedded (FFPE) TAs that were pathologically negative for GCA as well as normal TAs revealed VZV, but not HSV-1 antigen, in 5 (21 %) of 24 TAs from patients with clinically suspect but biopsynegative GCA [36] , while 13 normal TAs contained neither VZV nor HSV-1 antigen. Importantly, all five subjects whose TAs contained VZV antigen presented with clinical and laboratory features of GCA and early visual disturbances, reinforcing the notion that multifocal VZV vasculopathy can present with the full spectrum of features that characterize GCA.
Further direct evidence that VZV infection triggers the inflammatory cascade characteristic of GCA came from analysis of FFPE GCA-positive TA biopsies, including adjacent skeletal muscle, and normal TA biopsies from subjects >50 years of age for the presence and distribution of VZV antigen. VZV antigen was detected immunohistochemically in 61/82 (74 %) GCA-positive TAs (Fig. 2) compared with 1/13 (8 %) normal TAs, and most GCA-positive TAs contained viral antigen in skip areas [37••] . The most likely explanation for the 21 TAs with no VZV antigen is that VZV may have been missed because it is present in skip lesions. VZV antigen was present mostly in adventitia, followed by media and intima. Hematoxylin-eosin staining revealed VZV antigen in 12/32 (38 %) skeletal muscles adjacent to VZV antigen-positive TAs. While formalin fixation can interfere with PCR amplification of DNA extracted from fixed tissue, PCR was still able to detect VZV DNA in 18/45 (40 %) GCA-positive VZV antigen-positive TAs, in 6/10 (60 %) VZV antigen-positive skeletal muscles, and in one VZV antigen-positive normal TA. Ultrastuctural analysis revealed VZ virions in a GCApositive TA (Fig. 2) . GCA pathology in sections adjacent to those containing VZV was seen in 89 % of GCA-positive TAs, but in none of 18 adjacent sections from normal TA. Most GCA-positive TAs contained VZV in skip areas that correlated with adjacent GCA pathology, supporting the notion that VZV triggers GCA immunopathology.
The association between GCA and TA infection by VZV was further analyzed in archival TAs of patients with clinically suspected GCA whose TAs were histopathologically negative and in normal TAs removed postmortem from age-matched subjects. Archival FFPE TA sections were examined immunohistochemically, while regions adjacent to those containing VZV were examined by hematoxylin-eosin staining. Immunohistochemistry identified inflammatory cells and cell types around nerve bundles containing VZV. VZV antigen was detected in 45/70 (64 %) GCA-negative TAs compared with 11/49 (22 %) normal TAs; since VZV is present in skip lesions, VZVantigen may have been missed in the other 36 % of TAs. Furthermore, extension of our earlier study revealed VZV antigen in 68/93 (73 %) of GCA-positive TAs compared with 11/49 (22 %) normal TAs [32••] . VZV antigen was more likely to be present in adventitia of both GCA-negative TAs and GCApositive TAs than in normal TA adventitia. In GCA-negative subjects whose TAs contained VZV antigen, adventitial inflammation was seen in 36 % adjacent to viral antigen, but not in any normal TAs. Overall, the prevalence of VZV in TAs of subjects with clinically suspected GCA was independent of whether they were GCA-negative or GCA-positive pathologically. Transmission electron microscopy of sections adjacent to those containing VZV antigen revealed an enveloped virus particle (e, arrow), while both scanning and transmission electron microscopy of these sections showed a cluster of virus particles in the adventitia egressing through an outer cell wall (f, arrows). Virus particles appear slightly larger than 200 nm because they were sputter-coated with a gold alloy.
In panels e and f, scale bars = 300 nm. Permission from Wolters Kluwer Health, Inc., Neurology 2015;84:1948-55
Corticosteroids and VZV Vasculopathy
It is important for clinicians to recognize that prolonged steroid use is associated with increased VZV reactivation and vasculopathy. The risk of zoster was reportedly increased in 1465 systemic lupus erythematosus patients treated with prednisone [38] and in 60 patients with autoimmune diseases when corticosteroids were added to cyclophosphamide [39] ; additional treatment with prednisone in 28,852 rheumatoid arthritis patients treated previously or currently with methotrexate increased the risk of zoster by 81 % [40] . Determining the role of corticosteroids on VZV antigen expression in GCApositive and GCA-negative TAs in prior studies above was not possible since all TAs were de-identified.
Prolonged corticosteroid treatment has been shown to lead to serious complications of zoster. For example, a 50-year-old diabetic woman who had been treated for months with prednisolone developed zoster and, upon continued corticosteroid therapy, disseminated zoster followed by fatal VZV meningoencephalitis [41] . More recently, prolonged corticosteroid use in a 60-year-old man with thoracic-distribution zoster reportedly led to impaired wound healing, with VZV DNA found in the ulcerated skin 3 months after zoster and sudden death 2 months later; at autopsy, VZV antigen was widespread in organs and arteries, most abundant in the coronary arteries, aorta, and bundle of His, raising the possibility of VZVinduced fatal arrhythmia. Although no neurological disease developed, VZV antigen was also found in his posterior cerebral artery, revealing for the first time subclinical VZV vasculopathy [42] .
While corticosteroids are the mainstay of treatment for GCA, a 75-year-old woman with pathologically verified GCA in both TAs continued to deteriorate and developed a fatal myelopathy after treatment with high-dose corticosteroids [43] . Postmortem examination revealed spinal cord infarction secondary to extensive necrotizing granulomatous arteritis of spinal arteries. Further studies based on the association between VZV infection and GCA revealed VZV antigen in the TA, aorta, left carotid artery, and an unidentified artery from the circle of Willis; the presence of VZV in the cerebral artery was further confirmed by the detection of VZV DNA in the same section containing VZV antigen [44] . Overall, prolonged corticosteroid use was shown to potentiate VZV infection. 
Conclusion
In the past few years, the spectrum of VZV vasculopathy has expanded to include stroke in immunocompetent and immunocompromised children vaccinated with attenuated VZV, the development of multiple intracranial aneurysms, and extracranial arterial infection manifesting as GCA. High-resolution MRI has been shown to assist in diagnosis and treatment of VZV vasculopathy (Fig. 3) , while prolonged corticosteroid treatment of GCA can potentiate VZV infection, leading to fatal VZV vasculopathy.
